Steam generator tube rupture (SGTR) incidents, such as those, which occurred in various operating pressurized, water reactors in the past, are serious operational concerns and remain among the most risk-dominant events. Although considerable efforts have been spent to understand tube degradation processes, develop improved modes of operation, and take preventative and corrective measures, SGTR incidents cannot be completely ruled out. Under certain conditions, high releases of radionuclides to the environment are possible during design basis accidents (DBA) and severe accidents. The severe accident codes' models for aerosol retention in the secondary side of a steam generator (SG) have not been assessed against any experimental data, which means that the uncertainties in the source term following an unisolated SGTR concurrent with a severe accident are not currently quantified.
BACKGROUND AND MOTIVATION
Steam generator (SG) reliability and performance are serious concerns in the operation of pressurized water reactors (PWR's). In particular, SG tubing is subject to a variety of degradation processes that can lead to tube rupture. Over the last decade, considerable efforts have been spent to understand these degradation processes and develop improved modes of operation, preventative and corrective measures. Nonetheless the SG tube leakage incidents, which have occurred in the past [1] , prove that such occurrence cannot be completely ruled out. A leakage of radionuclides from the primary circuit into the secondary side negates the role of the containment. Under certain conditions, high release of radionuclides to the environment is possible during postulated severe accidents [2] .
Most probabilistic risk assessments (PRAs) and severe accident codes assume that a significant fraction of fission products flowing through an unisolated break in a SG will escape to the environment. This assumption is based on an expert elicitation panel [3] since none of the specific features of the retention mechanisms in the secondary side of a SG as modelled in severe accident codes were assessed against any experimental data.
The severe accident management (SAM) procedures are designed to minimize the release of fission products from the defective SG. These include flooding of the secondary side via the emergency feed water system. The enhanced retention of activity within the SG secondary side under realistic conditions defines the effectiveness of the accident management actions for the specific hardware characteristics and accident conditions of concern. One must consider then a) constraints on the timing of operator actions in order to create conditions conducive to enhanced retention, b) the available time window for these actions, and c) the feed rate and the capacity of the reactor water storage tanks.
Thermal-hydraulic code calculations indicate that the secondary side of the defective SG will dry out as steam flows from the stuck-open safety relief valve (SRV) into the environment [4] . As an accident management action, the operators will flood the SG by initiating the emergency feed water system. Until the reflood begins, the removal of aerosols is mainly via inertial impaction and turbulent deposition on the tube bundle surfaces.
Once the bundle is completely flooded and the submergence of the break is deep enough, removal by pool scrubbing will become dominant. However, if the available water supply is not sufficient to cool the reactor coolant system (RCS) and maintain long term cooling, the secondary side may become dry again.
For all the severe accident Steam Generator Tube Rupture (SGTR) conditions of concern, the importance of each removal mechanism will depend on the thermal-hydraulic conditions, the location and the size of the break and on the accident management actions. A key factor in the aerosol removal is the interaction between the flow (gas or liquid phase fluid) and the internal structures (tubes, support plates, separator, etc.).
Based on the crucial need for aerosol retention data during an SGTR, PSI has built a model steam generator called ARTIST (Aerosol Trapping In a Steam Generator) [4] that will allow the gathering of data both at the separate effect and integral levels, as well as simulation of accident management procedures.
The ARTIST facility is a scaled-down model of the FRAMATOME-33/19 type SG in operation at the Beznau 1136 MWth PWR; however, accident situations relating to PWR's of other design and power rating can readily be investigated. The main concern for scaling the ARTIST facility was to build a model which conserves the essential thermal-hydraulic and aerosol parameters, provides flexibility to represent a range of plant conditions, while at the same time remain within the constraints imposed by the experimental resources of PSI.
TEST SECTION SCALING AND RIG CAPABILITIES
The ARTIST test section is composed of several modules to simulate the SG secondary, as shown in The bundle diameter is considered large enough to reproduce the jet behaviour as the momentum is dissipated after it emerges from the break, provided the break is not too close to the shroud and oriented towards it. The tubes have a diameter, thickness, and pitch that are identical to the real unit. The spacing of 1.1 m between support plates is also preserved. However, the tube length is only about 40% of the real unit.
The rationale for having a bundle diameter of 0.57 m is that this width is large enough to reproduce the momentum dissipation of the jet, which emerges from the broken tube. To gain reasonable confidence that the outer wall (shroud) would not be a factor in the aerosol retention, a computational Fluid Dynamics (CFD) simulation was performed [5] . The CFD simulation is based on the CFX code and produced detailed predictions of the flow field in the break stage. Three distinct breaks were analysed based on data collected from past SGTR event: · A fish-mouthed horizontal jet on the periphery of the tube bank and pointing towards the centre of the bundle; · An axis-symmetric horizontal break at the centre of the bundle; · A central break at the tube sheet with the jet pointing upwards. The simulations were conducted with a nominal break size (1 diameter) and a flow rate of 936 kg/h, which corresponds to choked flow conditions. The gas and structure temperatures are assumed to be 573 K, while the primary and secondary pressures are 5 bar and 1 bar, respectively. These data represent mean values at the time of fission product release following an SGTR.
The CFD simulations revealed the following important results: · The static pressure on the shroud surface is almost the same everywhere, meaning that the presence of the wall has very little impact on the jet behaviour.
·
The region of high velocities is localized around the break region and confined to a small volume, which encompasses approximately the five tube rows, which surround the broken tube. · At the tube support plate of the break stage the flow has spread out across the whole flow area, although not quite uniformly. The maximum velocities at the support plate level are on the order of 10 m/s, or about 1/20 of the velocity at jet exit. Based on these results, it is concluded that the number of tubes in ARTIST is adequate to reproduce 1 to 1 the aerosol retention in the vicinity of the break (i.e. the break stage).
The tube length is made smaller due to laboratory height and infrastructure limitations, and hence there are just three bundle stages compared to the 9 existing in the real plant. Tube Tube Sheet Sheet ASME This should however not have a big impact on the extrapolation of the results because beyond the break stage, it is expected that the flow will even out across the bundle free area, so that the stage-to-stage decontamination factor (DF) remains approximately the same for all the sections, and therefore the study of aerosol retention in two "far-field" bundle stages is enough to extrapolate the results to more stages. The other problem introduced by the shorter length is that of residence time, which might be important for thermophoresis. This issue can be dealt with by choosing a smaller carrier gas flow rate in the far field stages to replicate the correct residence time.
The ARTIST Components
The parameters characterizing the Beznau SG and ARTIST model are given in Table 1 . The important ratios shown in bold are comparable.
Parameter
Unit Beznau ARTIST 
BREAK CONFIGURATION
The ARTIST facility provides for a variety of break configurations. Although the scaling effort has focused on the double-ended guillotine break, evidence from actual SGTR events shows that fish-mouth breaks and narrow cracks are more common. These considerations are to be kept in mind for the final test matrix. The flexibility of configuration will make it possible to address particular safety concerns and also investigate the influence of break geometry and location on release. The various choices of break configuration will make it possible to address the effects of symmetry, multiple breaks which may be separate or interacting, etc.
INSTRUMENTATION
The main goal of the ARTIST experiments is to characterize aerosol retention in each section of the model SG, by measuring the aerosol concentration and thermal-hydraulic conditions at the inlet and outlet of each section. Supporting data will be provided by grab sampling and by use of representative surfaces. The proposed instrumentation will provide: · The thermal-hydraulic conditions throughout the facility:
carrier gas flow rate and composition, gas and wall temperature profiles, and pressure; · Information on the flow distribution and typical velocities in the break stage, including jetting on the shroud, the far field and the upper separator and dryer regions; · The real-time aerosol size distribution at the inlet and outlet of the ARTIST facility, and possible shifting of the distribution; · The inlet and outlet aerosol concentration of each stage and corresponding DFs; · Aerosol mass balance in the test section, including deposition fractions in the break stage, the rest of the bundle, and the separator and dryer regions. State of the art aerosol instrumentation will be used, including: Andersen and low-pressure Berner impactors, photometers, an on-line aerosol particle sizer (PCS-2000 from PALAS, Germany) and a droplet size optical analyser (from Malvern, UK).
AEROSOL GENERATION
The test rig will be connected to the PSI aerosol generation system (DRAGON), which provides a flow of single or multi-component aerosol in a steam or steam/noncondensable carrier gas. The aerosols can be generated by two methods: either by the evaporation-condensation technique through the use of a plasma torch, or by a fluidised bed generator. The aerosol flow and characteristics can be controlled in a stable manner.
SHORT INTRODUCTION TO THE ARTIST CONSORTIUM PROJECT
Since 1998, contacts have been established with more than a dozen organizations in order to build a consortium to perform SGTR-related tests in the ARTIST facility. After review of the available data and models, it was decided that several open issues warranted further investigation in the framework of the ARTIST project. A preliminary ARTIST test matrix was proposed to potential partners in June 2000. Based on the suggestions and comments received, the test matrix has been modified and the latest version fixed at the beginning of 2001 [6] . Seven distinct phases are foreseen within the ARTIST program: 1. Phase I: Aerosol retention in SG tubes under dry conditions. In this phase, in-tube aerosol deposition/resuspension will be studied under high flow conditions. Tube length, bend curvature, and aerosol type, size and concentration will be varied. 2. Phase II: Aerosol retention in the break vicinity under dry conditions. In this phase, aerosol deposition/resuspension at very high velocities will be addressed. The break gas flow rate and break type (fish-month, double-guillotine, vertical) will be varied. 3. Phase III: Aerosol retention in the bundle far from the break, under dry conditions. In this phase, aerosol deposition due to thermophoresis and impaction is studied at velocities, which are relatively small because the flow has evened out across the secondary side flow area. The gas flow rate and the gas-structures temperature differential will be varied. 4. Phase IV: Aerosol retention in the separator and dryer under dry conditions. This phase studies aerosol impaction and interception due to complex 3D flows in the upper components of the SG. The gas flow rate and the gasstructures temperature differential will be varied. 5. Phase V: Aerosol retention in the bundle section under flooded pool conditions. This phase investigates condensation-induced aerosol scrubbing by the SG water pool as well as inertial impaction upon the structures. The break flow rate, pool submergence, carrier gas steam content and pool subcooling will be varied. 6. Phase VI: Droplet retention in separator and dryer sections under dry conditions. This phase deals with Design Basis Accident (DBA)-type phenomena, i.e. the potential for "primary bypass", whereby a break at the top of the tube bundle sprays fine primary liquid droplets that might find their way to the environment through, for example, a stuck-open safety valve. Air-liquid nozzles that create droplets with typical diameters have already been tested [7] . In this phase, carrier gas flow rates and droplet sizes will be varied. 7. Phase VII: Integral tests. The seventh set of experiments is in integral nature and is focused on aerosol retention in the whole model steam generator. The conditions of the tests will be determined based on insight gained from the results of the previous phases.
SELECTED SAFETY ISSUES IN ARTIST AND IMPLICATIONS FOR SEVERE ACCIDENT MANAGEMENT
In addition to the planned program [4, 6] discussed earlier, the ARTIST facility is also well suited to study phenomena relating to Severe Accident Management (SAM). Weighting benefits against disadvantages of particular accident management procedures can be assessed. Questions relating to the optimum filling level can be addressed in the ARTIST facility. Two sets of issues have been identified in this regard. The first one relates to the mechanisms of droplet formation at the water pool surface and how the level location and flow conditions can influence their size distribution and ultimately their retention -or lack thereof -in the SG, and the second issue deals with methods that would potentially allow a more accurate determination of both the location of the break and the water level in the SG.
OPEN ISSUES RELATED TO DROPLET FORMATION
At the free pool surface AM measures in the case of a SGTR involve flooding the secondary side of the SG to a certain level above the break. This action is aimed at retaining the aerosols by pool scrubbing as well as condensing some of the incoming steam. Despite the effectiveness of the pool scrubbing mechanisms, there exists also the potential of a persistent source of radioactivity due to the liquid droplets, which are formed at the surface of a water pool whenever gas bubbling is taking place. Once suspended above the water surface, the droplets are either entrained further or fall back to the pool, depending on their size and the velocity of the carrier gas.
The droplet mass flux generated by the bubbling gas is a function of the two-phase flow regime in the pool. Two flow regimes have been identified [8] : · Bubbly flow: in this regime characterized by small gas flow rates, roughly mono-sized bubbles rise with terminal velocity in the continuous liquid and droplet are formed as a results of bubble burst. When the bubble reaches the pool surface, it comes to a standstill and its upper cap emerges above the surface. The liquid film thins down and the bubble bursts, producing in the process drops called "film droplets". Soon thereafter, liquid flows back into the remaining gas volume and generates a liquid jet, which surges upwards and breaks down into droplet called "jet droplets". · Churn-turbulent regime: this regime is characterized by a chaotic flow of bubbles with a wide range of sizes interacting with a highly turbulent liquid flow. Droplets result from the momentum exchange between the two phases before the water surface. Liquid jets squirt out of the pool surface in the form of an inverted hollow cone. Liquid ligaments are created and extend above the pool surface. Because of the shearing and surface tension effects, these ligaments cannot be sustained and rapidly break down into smaller droplets. The droplets can be entrained or fall back depending on their inertia and the carrier gas velocity. Data gathered in the bubbly flow regime by Kataoka [9] show the following trends: · The higher the gas superficial velocity in the pool, the higher the droplet mass flux.
·
The smaller the bubble the higher the droplet mass flux.
The larger the bubble diameter the larger the droplet diameter (1 mm bubble creates 100 mm droplets, whereas 5 mm bubble creates 700 mm droplets). One sees therefore that there are conflicting effects taking place: if the water level is short, the bubbles are large, and so are the generated droplets, which are more likely to be removed due to gravity or impaction on the upper structure of the SG. However, the aerosol pool scrubbing is reduced. On the other hand, if the water level is large, the pool scrubbing is maximized, but the bubbles are smaller at the pool surface, and thus create smaller droplets which are harder to remove by the separator and dryer. Only though carefully designed experiments can one determine the water level, which will minimize the source term.
When churn-turbulent regime is prevailing, the semiempirical correlation by Kataoka gives the rate of droplet entrainment (kg/m 2 .s) as a function of height above water pool surface, gas superficial velocity and properties. The model predicts that a superficial gas velocity of 1 m/s (an upper bound for the gas velocity in the separator following scram) would produce a droplet mass flux of the order of 5 kg/m 2 s. For a typical separator with 0.5 m internal diameter, this translates into a droplet mass flow of 1 kg/s per separator, which is considerable.
The Kataoka semi-empirical correlation is useful for containment studies, but it is not of great help for the SG because it does not give the droplet size which is a determining parameter in predicting retention in the upper structures (separator & dryer). It is therefore of interest to investigate the droplet size distribution emerging from the water surface when churn-turbulent flow conditions prevail in the pool.
At pool surface in the presence of a support plate
Depending on the filling level, the presence of the support plate can affect the droplet formation, size and flux. Because of the narrow flow constrictions (8 mm) in the plate, the flow velocity accelerates about 3 times. The behaviour of the gas and bubbles in these constrictions is not known, nor is the size of droplets, which will be generated. Therefore, in order to investigate the effect of the plate, the same test series as above will be repeated, except that the water pool level will be placed just above or just below the support plate. If the water level is below the plate, some droplet removal is expected because of impaction.
Issues related to break and water level determination
It is the current practice in SAM to have the operators flood the secondary side of the SG to a level of some 2.0 m above the top U-bend position. This corresponds to filling two thirds of the separator pipe. This is based on the proposition that the break location is unknown to the operators, and therefore, it is necessary to assume a "worst case", i.e. that the break is at the top of the U-bend section.
The water level determination relies on the pressure difference measurement in the down-comer. In SAM conditions, the assumption is that only wide-range level (tubesheet to just above the top of separator) measurements are possible.
The translation of pressure differential in the shroud to water level in the bundle depends on the water density (i.e. pressure, temperature) as well as an estimation of the void in the SG bundle. The uncertainty in the water level is currently estimated at 1 m. This uncertainty is large if one wants to preclude overfilling which may induce radioactive water leakage through the stuck open valve.
Hence, investigations are needed in two directions: 1) a possible determination of the break location by simple pressure measurements along the bundle, and 2) a lower uncertainty on the water level. The two issues are related, because the pool swell level is a function of the void, and the latter is a determined, among others, by the location of the break.
Therefore, a simple experiment is envisioned in which gas is discharged from a break into the secondary pool of the ARTIST SG. The following parameters would be varied:
-Break location -Break flow rate -Water level Many pressure-differential transducers are placed in the vertical direction along the tube bundle. The objective of the experiment is to find out whether the break location can be deduced from the pressure differential measurement profiles.
Once the break location is determined (with some uncertainty), the water level can be determined more precisely. A series of experiments will be conducted to correlate the water level with pressure differential readings as a function of:
-Break location -Break flow rate The potential test matrix for the SAM program within the ARTIST project is shown in 
SUMMARY AND CURRENT STATUS
An experimental facility (ARTIST) to investigate aerosol and droplet in a PWR SG following an SGTR has been designed. The facility is a scaled representation of the FRAMATOME designed SG in the Beznau plant (KKB). The experimental program will provide data to address a range of issues. These include quantifying retention in a dry SG during a severe accident, AM measures to refill the SG, and droplet retention in the SG following a design basis accident. The construction is complete and shakedown tests are in progress.
Planning of the test matrix is in the final stages. A postulated reference severe accident SGTR sequence in KKB has been analysed and used to define a baseline set of conditions as a starting point for the ARTIST experiments. Based on the analysis, the various aerosol retention mechanisms have been discussed and broadly quantified for the prevailing conditions. Scaling considerations show that different, indeed highly contrasting scale factors apply to capture the different mechanisms that take place in the various regions of the SG; in particular, different scaling principles apply locally near the break and globally. Test conditions have been defined corresponding to the reference case.
The baseline conditions apply to a particular plant and set of accident conditions; however, a range of plant designs and accident conditions can be accommodated by suitably defining the experimental conditions, via analogous scaling arguments.
